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Expression of a Functional Eotaxin (CC Chemokine Ligand
11) Receptor CCR3 by Human Dendritic Cells1,2,3
Sylvie Beaulieu,4* Davide F. Robbiani,* Xixuan Du,* Elaine Rodrigues,† Ralf Ignatius,5*
Yang Wei,* Paul Ponath,6‡ James W. Young,† Melissa Pope,7* Ralph M. Steinman,* and
Svetlana Mojsov8*
Critical to the function of Ag-presenting dendritic cells (DCs) is their capacity to migrate to lymphoid organs and to sites of
inflammation. A final stage of development, termed maturation, yields DCs that are strong stimulators of T cell-mediated immunity and is associated with a remodeling of the cell surface that includes a change in the levels of expression of many molecules,
including chemokine receptors. We show in this study that CCR3, a chemokine receptor initially discovered on eosinophils, is also
expressed by human DCs that differentiate from blood monocytes, DCs that emigrate from skin (epidermal and dermal DCs), and
DCs derived from CD34ⴙ hemopoietic precursors in bone marrow, umbilical cord blood, and cytokine-elicited peripheral blood
leukapheresis. Unlike other chemokine receptors, such as CCR5 and CCR7, the expression of CCR3 is not dependent on the state
of maturation. All DC subsets contain a large intracellular pool of CCR3. The surface expression of CCR3 is not modulated
following uptake of particulate substances such as zymosan or latex beads. CCR3 mediates in vitro chemotactic responses to the
known ligands, eotaxin and eotaxin-2, because the DC response to these chemokines is inhibited by CCR3-specific mAbs. We
postulate that expression of CCR3 may underlie situations where both DCs and eosinophils accumulate in vivo, such as the lesions
of patients with Langerhans cell granulomatosis. The Journal of Immunology, 2002, 169: 2925–2936.

D

endritic cells (DCs)9 are APCs that play several roles in
controlling immunity (reviewed in Ref. 1). DCs are
found in blood and in numerous anatomical locations
throughout the body. A central feature is their ability to migrate
from the periphery to lymphoid organs to initiate immunity and
perhaps peripheral tolerance as well. DCs are especially abundant
in the epidermis. Epidermal DCs, Langerhans cells (LC), are the
prototype of the immature, Ag-capturing DC (2), and express distinct markers, such as E-cadherin (3), Birbeck granules (4, 5), and
langerin (6, 7). Immature DCs are also found in blood, spleen, and
lung. LCs and other immature DCs can undergo a set of phenotypic changes termed maturation, usually in association with inflammation or infection. Maturation is characterized by higher expression of MHC class II Ags; costimulatory molecules such as
CD40, CD54, CD80, and CD86, and other Ags of unknown function at this time, like CD83 and DC-lysosome-associated membrane protein (LAMP). Mature DCs are the most potent stimulators of T cell immunity and can be found in the T cell-rich areas
of lymphoid organs and also at sites of inflammation such as the
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lesions of psoriasis (8). Large numbers of DCs can be generated
from precursors within human blood (9 –11) or bone marrow progenitors (12, 13). These ex vivo expanded DC populations express
the typical markers of DCs in vivo and their abundance makes
them useful for examining certain aspects of DC physiology. One
such area is the role of chemokines and chemokine receptors in DC
migration and function.
Chemokines play a major role in leukocyte traffic and recruitment to sites of inflammation (14, 15). Their effects are mediated
by cell surface receptors that belong to the 7-transmembrane class
of G-protein-coupled receptors (16). At least 40 human chemokines have been identified (reviewed in Refs. 17 and 18), each
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interacting with one or more specific receptor(s). Some chemokine
receptors, like the stromal cell-derived factor (SDF)-1 receptor
CXCR4 and the macrophage-inflammatory protein (MIP)-1␣/
MIP-1␤/RANTES receptor CCR5 are expressed on a variety of
cells including DCs (19). The expression of these and several other
chemokine receptors is restricted to different stages of DC development. CCR5 and the MIP-3␣ receptor CCR6 are expressed at
high levels on immature, but not mature, DCs (20 –25), while the
expression of the MIP-3␤/EBV-induced molecule-1 ligand chemokine (ELC) receptor CCR7 is significantly up-regulated upon
DC maturation (25, 26). Similarly, CXCR4 expression is increased
on mature compared with immature DCs (20 –22).
The eotaxin receptor, CCR3, is selectively expressed on eosinophils (14, 27–29), basophils (30, 31), and the Th2 subset (32).
However, its expression on DCs has not been firmly established.
Some reports indicate that CCR3 is expressed on moDCs (33, 34)
while results reported in another study indicate that CCR3 is not
found on DCs (19). In this study, we use the FACS, RT-PCR, and
chemotaxis assays to study the expression and function of CCR3
on different populations of immature and mature DCs.

Materials and Methods
Preparation, culture, and enrichment of DCs
Emigrated skin DCs. Human split-thickness skin samples were obtained
from the New York Firefighter’s Skin Bank (New York Hospital-Cornell
Medical Center, New York, NY) from cadavers within 36 h of death.
Emigrated skin DCs were isolated as previously described by Pope et al.
(35). Skin was washed twice in Dulbecco’s PBS, cut (as 3 ⫻ 3-cm pieces),
and cultured dermal side down in 100-mm dishes (four pieces per dish) in
one of the following tissue-culture medium (15 ml final volume): 1) R10
(RPMI 1640; Life Technologies, Grand Island, NY; supplemented with
10% heat-inactivated FCS), 2) 1% human plasma (Sigma-Aldrich, St.
Louis, MO), or 3) serum-free X-vivo15 medium (BioWhittaker, Walkersville, MD). After 2–3 days at 37°C, emigrated cells were treated with
collagenase D (400 Mandl U/ml; Boehringer Mannheim, Indianapolis, IN)
for 1 h at 37°C. Cells were pooled and washed in the appropriate medium.
When cell enrichment was required, CD3⫹ cells were depleted using magnetic beads (Dynabeads M-450; Dynal Biotech, Oslo, Norway) or by cell
sorting as described by Pope et al. (35). Viability was assessed by trypan
blue exclusion, and purity was verified routinely by staining for HLA-DR,
CD83, p55, DC-LAMP, and CD3 as described below. Five independent
experiments were performed for conditions described under 1) and 2), and
two experiments for 3). For the RT-PCR experiments, single mature skin
DCs, single skin T cells, and mature skin DC-T cell conjugates were obtained by cell sorting as previously described (35).
CD34ⴙ-derived DCs from bone marrow, cord blood, and leukapheresis.
Mononuclear leukocytes were isolated by Ficoll-Hypaque centrifugation
from bone marrow or G-CSF-elicited leukapheresis specimens, obtained
from healthy donors of allogeneic hemopoietic stem cell grafts. Cord blood
was obtained from normal full-term deliveries. All samples were obtained
under local Institutional Review Board-improved protocols. CD34⫹ hemopoietic progenitor cells (HPCs) were isolated directly from the mononuclear cell populations by immunomagnetic cell separation using the MACS
system according to the manufacturer’s instructions (CD34 Progenitor Cell
Isolation kit, no. 467-01; Miltenyi Biotec, Auburn, CA). Cells were passed
over two sequential columns (LS column, no. 424-01; MS column, no.
422-01) to achieve CD34⫹ purity in excess of 90%. CD34⫹ HPCs were
cultured initially at 2 ⫻ 105/3 ml of X-vivo15 medium (BioWhittaker) in
six-well Costar plates (no. 3516; Corning, Corning, NY). Cultures were
supplemented with the following final concentrations of recombinant human cytokines (minimum activity in IU given where available): GM-CSF
(1000 IU/ml; Immunex, Seattle, WA); TNF-␣ 2.5 ng/ml (25 IU/ml; R&D
Systems, Minneapolis, MN); TGF-␤1 (5 ng/ml; R&D Systems) (36); c-kitligand/stem cell factor 20 ng/ml (R&D Systems); and FLT-3L 50 g/ml
(Immunex).
Half the medium was removed from the cultures on each of days 3, 7,
9, and 11. Fresh X-vivo15 (1.5 ml) was added together with 2⫻ cytokines,
to maintain the 1⫻ cytokine concentrations given above in a final volume
of 3 ml. FLT-3L and c-kit-ligand were included from day 0 through day
5–6. On day 5–6, cells were harvested, labeled with anti-CD34 (IgG clone
11.1.6; Memorial Sloan-Kettering Monoclonal Ab Core Facility, New
York, NY) and anti-CD66b (IM 0166; Immunotech, Miami, FL), then
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panned at 4°C on goat-IgG-anti-mouse-IgG-coated plates (37, 38) to deplete any persistent CD34⫹ HPCs or granulocytes and their immature precursors. Pan nonadherent cells were recultured at ⬃2 ⫻ 106/3 ml fresh
X-vivo15 and cytokines in the 1⫻ concentrations given above. On day
12–13, the CD34⫹ HPC-derived progeny were labeled with anti-CD1a-PE
(PN IM 1942; Immunotech), sorted for CD1a⫹ cells using a FACStarPlus
(BD Immunocytometry Systems, Mountain View, CA; with laser excitation of 200 mW at 480 nM (Innova 90-5 Argon laser; Coherent Radiation,
Palo Alto, CA)) to enrich for LCs within the CD1a⫹HLA-DR⫹⫹/⫹⫹⫹
subset.
Blood monocyte-derived DCs (moDCs). moDCs were obtained according
to Bender et al. (9). Briefly, PBMCs were isolated from Ficoll gradients
(Pharmacia, Peapack, NJ). T cells were depleted either by rosetting with
neuraminidase (Calbiochem, La Jolla, CA) treated-sheep RBC (Colorado
Serum, Denver, CO) or by removing nonadherent cells after 1 h incubation
at 37°C at 8 ⫻ 106 PBMCs per well of a six-well tray. The monocyteenriched PBMC fraction was cultured in RPMI 1640 supplemented with
either 1) 10% FCS, 2) 1% human plasma, or 3) X-vivo15 (BioWhittaker).
At days 0, 2, 4, and 6, GM-CSF (Immunex) was added at a final concentration of 1000 U/ml and recombinant human IL-4 (R&D Systems) at 100
U/ml. These cells, after 6 or 7 days in culture, have many features of
immature DCs. Immature DCs (day 6 or 7) were cultured for an additional
2 days in the presence of monocyte-conditioned medium (MCM) as described (9, 39–41). At day 8–9, mature DCs were washed with PBS to
remove any chemokines that may have been present in the MCM, resuspended in chemotaxis medium, and tested. The DC phenotype was monitored by FACS and immunostaining of cytospins, as described below. In
some experiments, immature and mature DCs were further enriched by
depleting T and B cells using anti-CD2- and anti-CD19-coated magnetic
beads (Dynabeads), respectively, or sorted with a FACStar (BD Immunocytometry Systems) based on large negative cells after a staining with
anti-CD2 FITC and anti-CD19 PE. Purity and maturation states were verified by FACS analysis or alternatively by immunostaining of cytospins, as
described below. For the RT-PCR experiments immature and mature
moDCs were further purified by sorting on large cells (as determined by
forward and side scatter) that were negative for CD3 and CD20 to exclude
T cells and B cells.

RT-PCR for detection of CCR3 and other chemokine receptors
transcripts in skin DCs and immature and mature moDCs
Total RNA from each cell population was extracted and prepared as described (23). Primers for detection of CCR3, CXCR4, CCR5, CCR7,
CCR8, CXCR6, and the actin control were synthesized according to the
published sequences. They were as follows: for CCR3 (sense, 5⬘-TAT
CAC AGG GAG AAG TGA A-3⬘; antisense, 5⬘-ATC CAG TCT ACG
TCT TTT TAA CGC-3⬘), for CXCR4 (sense, 5⬘-TGG TCT ATG TTG
GCG TCT GGA-3⬘; antisense, 5⬘-CTT TTA CAT CTG TGT TAG CTG
G-3⬘), for CCR5 (sense, 5⬘-CAG GAA TCA TCT TTA CCA GAT-3⬘;
antisense, 5⬘-TCA CAA GCC CAC AGA TAT TTC C-3⬘), for CCR7
(sense, 5⬘-AGT GAG CAA GCG ATG CGA TGC T-3⬘; antisense, 5⬘-TCC
AGG CAG AAG AGT CGC CTA T-3⬘), for CCR8 (sense, 5⬘-ACC TGG
CTG TTG TCC ATG CCG T-3⬘; antisense, 5⬘-TCA CAA AAT GTA GTC
TAC GCT G-3⬘), for CXCR6 (sense, 5⬘-TGC ATC ACT GTG GTA CGT
TTC A-3⬘; antisense, 5⬘-GGC CTC TGT CAC CAT GAT GGT G-3⬘), for
actin (sense, 5⬘-GTC GTC GAC AAC GCC TCC GGC ATG TG-3⬘; antisense, 5⬘-CAT TGT AGA AGG TGT GGT GCC ACA T-3⬘). The expected size of the amplified fragments was 1.1 kb for CCR3, 600 bp for
CXCR4, 570 bp for CCR5, 550 bp for CCR7, 670 bp for CCR8, 460 bp
for CXCR6, and 260 bp for actin. The conditions for the RT-PCR were
the same as described (23). Actin primers were included in the reactions
as an internal control. Amplified samples were resolved on ethidium
bromide-stained agarose gels.

The effect of maturation stimuli on chemokine receptor
expression on moDCs
The following stimuli were added to immature moDCs at day 6 for 48 h to
look for effects on the cell surface expression of CCR5, CXCR4, and
CCR3: 1) MCM (n ⫽ 17 to 26, depending on the particular chemokine
receptor and cell surface or intracellular staining); 2) LPS (20 ng/ml, n ⫽
3 to 4; Sigma-Aldrich); 3) PGE2 (10 g/ml, n ⫽ 3; Sigma-Aldrich); 4)
TNF-␣ (1000 U/ml, n ⫽ 3; R&D Systems); and 5) combination of PGE2
and TNF-␣ (n ⫽ 3). In a second set of experiments, moDCs were treated
with TGF-␤1 (5 ng/ml; R&D Systems) at day 0, 2, 4, and 6 (n ⫽ 3 to 5).
In a third, immature moDCs were treated at day 6 with 1) soluble trimeric
human CD40 ligand (huCD40L)/leucine-zipper fusion protein (huCD40L
at 300 ng/ml; Immunex, Seattle, WA) for 48 h (n ⫽ 4 to 6), or with 2) a
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combination of TGF-␤1 and huCD40L for 48 h (n ⫽ 4), or with 3) irradiated huCD40L-transfected L cells (7500 rad) at the ratio of 1 CD40L L
cell to 5 DCs, added for 48 h (n ⫽ 3).

The effect of uptake of particles on chemokine receptor
expression on moDCs
To test whether particle uptake would influence CCR3 expression, immature DCs at day 6 were treated for 48 h with 1) zymosan (0.5 l/ml, n ⫽
5; ICN Pharmaceuticals, Costa Mesa, CA) and 2) latex particles (0.5 l/ml,
0.65-m diameter; Bangs Laboratories, Carmel, IN) alone (n ⫽ 5) or in the
presence of MCM (n ⫽ 5) or LPS (20 ng/ml, n ⫽ 3). The zymosan and
latex particles preparation were LPS-free as tested with the Limulus amebocyte lysate assay (Associates of Cape Cod, Woods Hole, MA).

Cell lines
The CXCR4-expressing A2.01 human T cell line, a hypoxanthine/aminopterin/thymidine (HAT)-sensitive derivative of A3.01cell line (42), stably
transfected with CCR5 was a generous gift from Drs. Q. J. Sattentau (Imperial College of Science, London, U.K.) and A. Trkola (University Hospital, Zurich, Switzerland). It was propagated in RPMI 1640 containing 5%
FCS and 1 mg/ml G418 (Life Technologies). G418 was added to the
growth medium to maintain the selection for the CCR5 transgene.

Cytofluorometric analysis
The expression of CCR3, CCR5, and CXCR4 on the surface and in the
cytoplasm of DCs was evaluated by two-color cytofluorometric analysis.
Each staining was performed using ⬎2 ⫻ 104 cells per well of a “V”
shaped bottom 96-well plate. Cells were washed in FACSWash (PBS supplemented with 5% FCS, 0.1% azide) and were either 1) not fixed or 2)
prefixed by keeping them for 10 min on ice with 0.1% paraformaldehyde
in PBS for cell surface analysis or 4% paraformaldehyde for intracellular
staining.
For intracellular staining, cells were first permeabilized for 30 min on
ice with 1% saponin. They were then washed three times with FACSWash
containing 0.1% saponin to keep the pores open. All subsequent intracellular staining steps were performed in the presence of 0.1% saponin. For
both surface and intracellular staining, cells were incubated at 4°C for 45
min with 100 l of saturating amounts of unconjugated mAbs (listed below). After the incubation, cells were washed four times in FACSWash and
incubated in the dark at 4°C for 30 min with FITC-conjugated goat antimouse IgG (Cappel Research Products; Organon Teknika, Durham, NC) or
with FITC-conjugated mouse anti-rat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA). Cells were washed in FACSWash and then
incubated at 4°C with 5% normal mouse serum (Jackson ImmunoResearch
Laboratories) for 10 min. PE conjugated to mouse-anti-human mAb were
then added for 45 min in the dark at 4°C.
Samples stained for surface expression were washed in FACSWash and
then fixed in the dark at 4°C for 10 min with 5% formalin in PBS. Cells
were spun and half of the volume was replaced with FACSWash. Intracellularly stained samples were washed in PBS without additional fixation.
Cells were analyzed using a FACScan with CellQuest software (BD Biosciences, San Jose, CA).
Phenotypic marker analysis of the DC populations was determined by
direct or indirect immunofluorescence. Unconjugated mAbs included antiHLA-DR clone L243, a mature DC marker anti-CD83 (clone HB15a; Immunotech), a mature DC marker anti-DC-LAMP (kindly provided by Dr.
S. Lebecque, Schering-Plough, Dardilly, France), LC marker DC-GM4
(langerin) (kindly provided by Dr. S. Saeland, Schering-Plough), an integrin marker of LFA-1 complex anti-CD11c (clone BU15; Immunotech).
PE-conjugated mAbs included anti-HLA-DR (BD Biosciences), a T cell
costimulation molecule anti-CD86 (BD PharMingen, San Diego, CA), a
monocyte/macrophage marker anti-CD14 (clone Leu-M3; BD Biosciences), an LC marker anti-CD1a (clone BL6; Immunotech), and a hemopoietic precursor cell marker anti-CD34 (BD Biosciences). T cell contamination was monitored with anti-CD3 (BD Biosciences).
Chemokine receptor expression was monitored using the following unconjugated mAbs: anti-CCR3 clone 7B11 provided by Drs. H. Heath and
P. Ponath (LeukoSite, Cambridge, MA) (43) and clone 61828.11 (R&D
Systems), anti-CCR5 (clone 2D7; BD PharMingen), and anti-CXCR4
(clone 12G5; kindly provided by Dr. J. Hoxie, University of Pennsylvania,
Philadelphia, PA). In each experiment, parallel stainings with nonreactive
Abs (isotype-matched controls) were performed as controls for nonspecific
Ig binding (28, 43). Isotype-matched controls were 1) unconjugated isotypic mouse IgG2a (U7.27; Immunotech) for 7B11 (anti-CCR3), 12G5
(anti-CXCR4), and 2D7 (anti-CCR5); 2) rat Ab IgG2a (Immunotech) for
mAb 61828.11 (anti-CCR3); and 3) simultest controls (BD Biosciences).
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Statistics
The specificity of staining of the mAbs against CCR3 (7B11 and
61828.11), CXCR4 (12G5), and CCR5 (2D7) was further established
through the application of the Kolmogorov-Smirnov (K/S) statistical test
(44). For each experiment, the histogram representing the background
staining with the isotype-matched Ab (negative control) was compared
with the histogram representing the value obtained when DCs were stained
with a mAb against a given chemokine receptor. The greatest difference
between the two histograms is represented by a D value. They are between
0 and 1. When D ⫽ 0 it means that the two curves are identical and that
the measured level of chemokine receptor expression is not different from
the background staining with the isotype-matched Ab control. The average
of the D values was calculated from several independent experiments performed. Their numbers are indicated in Results and in Figs. 2– 4. The K/S
statistical test was performed directly with the CellQuest software for
FACS analysis.

Immunohistochemistry
Cytospins were prepared as previously described (35). Cells were routinely
stained for several different markers including HLA-DR, CD86, and the
intracellular sialoprotein marker CD68/macrosialin (DAKO, Carpinteria,
CA). The mature DC markers p55 was obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health. DCLAMP was obtained from Dr. S. Lebecque (Schering-Plough). Slides were
cover slipped with a PBS/glycerol mix (Sigma-Aldrich).

Chemotaxis assays
Chemotaxis assays were performed in 48-well chambers representing the
modified version of the Boyden chamber (Neuro Probe, Cabin John, MD)
based on method described by Falk et al. (45). Purified DCs were washed
and resuspended in chemotaxis medium at pH 7.2 (RPMI supplemented
with 2 mM L-glutamine, 20 mM HEPES and 0.5% BSA). Assays were
performed in duplicates or triplicates using 5 ⫻ 104 DCs per well with a
5-m polyvinyl-pyrrolidone-free polycarbonate filter. Each ligand was
tested at 100 nM, 10 nM, and 1 nM. Eotaxin-2 was used at concentrations
of 1000 nM, 500 nM, and 100 nM. SDF-1 and MIP-3␤ were used as
positive controls in each assay with all the DC subsets. Maximum chemotactic response was observed with 10 nM SDF-1, 100 nM MIP-3␤, and 100
nM eotaxin. These concentrations were used subsequently in all the experiments. Background migration (negative control) was measured in the
absence of chemokines (medium alone). All incubations were for 2 h at
37°C in a final volume of 50 l, because in preliminary experiments we
found that these conditions supported a maximal chemotaxis response. After 2 h of migration, cells adhering to the bottom of the filter were fixed and
stained with Diff-Quick and mounted on glass slides with entellan in xylol.
The number of DCs that had migrated to the underside of the filters was
counted at ⫻1000 magnification. The values for each assay represent the
cell count of five fields as described by Sozzani et al. (46).
To test the specificity of DC migration in response to eotaxin, cells were
preincubated with 20 g/ml of anti-CCR3 (clone 61828.11 or 7B11) or
isotype-matched control mAbs (anti-IgG2a rat anti-human or mouse antihuman, respectively) for 1 h at 37°C, and then assayed as above in the
continued presence of mAb.

Results
We investigated the expression and function of CCR3 on different
subsets of DCs, considering several environmental and maturation
factors. In all experiments, we included an additional measure of
DC phenotype by monitoring the cell surface and intracellular levels of CCR5 and CXCR4, whose expression have been shown to
be regulated upon DC maturation (21, 22). In most experiments,
cells were also permeabilized to monitor combined intracellular
and surface expression. In control experiments, we determined that
prefixation with 0.1% paraformaldehyde does not influence the
level of CCR3, CCR5, or CXCR4 expression on the cell surface,
as compared with the nonfixed cells. For detection of CCR3 expression on DCs, we used primarily the mAb 7B11 that has been
extensively characterized and shown to be highly selective for
CCR3 (43). We confirmed the specificity of surface and intracellular mAb7B11 staining in the A2.01 T cell line that does not
express CCR3, but expresses CXCR4 (endogenously) and CCR5
(as a transgene) (Fig. 1). We found that mAb 7B11 did not detect
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FIGURE 1. mAb 7B11 is specific for detection of the cell surface and
intracellular CCR3. The A2.01 human T cell line derived from the A2.03
cell line (42) that does not express CCR3, but expresses CXCR4 endogenously and CCR5 as a transgene, was maintained in culture as described
in Materials and Methods. Expression of cell surface and intracellular
CCR3, CXCR4, and CCR5 were analyzed by FACS. Histograms were
obtained using the same conditions as described for DC subsets (see Materials and Methods and Figs. 2– 4). Each histogram shows the background
staining with the nonspecific Ig Ab (negative isotype-matched control;
shaded profile) and the staining with the mAb specific for the indicated
chemokine receptor (solid line). For CCR3, the two histograms are superimposible, indicating the absence of any specific cell surface and intracellular staining with the mAb 7B11.

specific staining on A2.01 cells above the isotype-matched control
background. However, 12G5 (anti-CXCR4) and 2D7 (anti-CCR5)
detected the expression of CXCR4 and CCR5, both on the cell
surface and in the cytoplasm of A2.01 cells. In the later part of our
studies, we also used the mAb 61828.11, when it became commercially available, and obtained similar results for the cell surface
and intracellular staining of CCR3 as the ones obtained with
mAb 7B11.
Results from each experiment were evaluated according to the
K/S statistical tests to provide an additional assessment for the
specificity of the mAb stainings and to account for the variation of
receptor expression that we observed between donors for CCR3, as
well as for CCR5 and CXCR4. The histograms in Figs. 2–4 show
representative examples of the entire phenotypic and chemokine
receptor expression analysis of the given subset of DCs derived
from single donors. Isotype-matched negative controls (shaded areas) are shown in each case. At the same time, D values for each
chemokine receptor shown in these figures were calculated as an
average of multiple experiments, and therefore do not represent a
single histogram.
Skin-derived DCs express CCR3
DCs emigrate from skin explants via afferent lymphatic vessels
(47). This population is a mixture of mature LCs and dermal DCs
(35, 47– 49). Their morphology and phenotype are typical of mature DCs with high levels of expression of HLA-DR and CD86, as
well as CD83 (50), p55 (51), and DC-LAMP (52, 53). As shown
in Fig. 2, CCR3, as well as CXCR4 and CCR5 expression were
clearly detected by FACS both intracellularly and on the cell surface of HLA-DR⫹ gated cells. CD1a⫹ gated cells displayed identical results (data not shown). There was variation in the level of
surface CCR3 expression between samples from different donors.
However, in all five experiments, we found that CCR3 expression
was independent on the tissue culture medium (10% heat-inactivated FCS vs 1% human plasma vs X-vivo15) used for DC culture
(data not shown). In the example shown in Fig. 2A, CCR3 is also
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FIGURE 2. A, CCR3 is expressed inside and at the surface of DCs
emigrating from skin. Expression of cell surface and intracellular CCR3,
CXCR4, and CCR5 were analyzed by FACS. The emigrating leukocytes
were double-stained with anti-HLA-DR-PE to identify the MHC class IIrich DCs, and with control Ig or mAb to CCR3, CXCR4, or CCR5, detected with goat anti-mouse FITC. One of five similar experiments is
shown in which cells were maintained in complete R10. Each histogram
shows the background staining with the nonspecific Ig Ab (negative isotype matched control; shaded profile) and the staining with the mAb specific for the indicated chemokine receptor (solid line) by the gated HLADR-positive population. The number in each panel indicates the average of
the D value, which is the greatest difference between the maximum fluorescence intensity (MFI) of the background staining (negative isotypematched control) and the staining with the mAb specific for the given
chemokine receptor, according to the K/S statistical test for all five independent experiments performed. B, Detection by RT-PCR of CCR3 mRNA
in skin DCs. Purified skin DCs, T cells, and DC-T cell conjugates were
isolated from the bulk emigrated DC-T cell mixtures (bulk) as described
(35). The 1.1-kb marker indicates the expected size of the full-length CCR3
mRNA. Amplified samples were resolved on ethidium bromide-stained
agarose gels.

detected in a subset of cells, possibly corresponding to the DC-T
cell conjugates.
Expression of CCR3 mRNA by skin DCs was also confirmed by
RT-PCR analysis (Fig. 2B). For comparison, in a single experiment we used bulk skin populations (containing DCs, T cells, and
DC-T cell conjugates), single T cells, and DC-T cell conjugates
obtained from the same donor. We found in all experiments, including the one shown in Fig. 2B, that skin DCs from multiple
donors express CCR3 mRNA, but these levels were lower than
those seen in T cells.
CD34⫹-derived DCs express CCR3
Expression of CCR3, CCR5, and CXCR4 was examined during
different stages of the development of DCs originating from
CD34⫹ HPCs. CD34⫹ HPCs from umbilical cord blood, adult
bone marrow, or G-CSF elicited peripheral blood stem cells give
rise to DCs under the aegis of cytokines, like stem cell factor
(c-kit-ligand), FLT-3L, GM-CSF, and TNF-␣ (13, 54). One population, LCs (CD1a⫹CD14⫺HLA-DRbright) develops directly from
CD34⫹ HPCs (11, 37, 55). The other population develops from
CD34⫹ HPC into CD14⫺HLA-DRbright interstitial or dermal DCs
via a CD14⫹HLA-DR⫹ intermediate, which can alternatively develop into macrophages (11, 37). The addition of TGF-␤1 in serum-free medium supports the specific generation of LCs (36, 56)
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FIGURE 3. Phenotype and chemokine receptor expression of bone marrow-derived DCs. Bone marrow cells were studied at different time points
(days 0, 6, and 12). A, Cell phenotype was monitored using double-staining
for CD34 and HLA-DR (day 0), CD1a and CD83 (days 6 and 12), and
CD86 and HLA-DR (day 12). Representative examples for each time point
are shown. B, Corresponding histograms of cell surface and intracellular
CCR3, CXCR4, and CCR5 expression from 1 representative experiment.
Cells were double-stained with anti-CD34 (day 0) or anti-CD1a-PE (days
6 and 12) and combined with the appropriate negative isotype-matched
controls vs anti-CCR3, -CXCR4 or -CCR5 mAbs (FITC). Histograms represent results on CD34⫹ gated cells (day 0), CD1a⫹ gated cells (day 6), and
CD1a⫹ sorted cells (day 12). Each histogram shows the background nonspecific staining with the isotype-matched control (shaded profile) and the
staining with the mAb specific for the indicated chemokine receptor (solid
line). The number in each panel indicates the average of the D value, which
is the greatest difference between the background staining with the negative
isotype-matched control and the staining with the mAb specific for the
given chemokine receptor, according to the K/S statistical test for all three
to six independent experiments performed (see Materials and Methods and
Results).

that express E-cadherin (3), Birbeck granules (4), and the associated Lag Ag (57), or langerin (6).
FACS analyses at days 0, 5– 6, and 12–13 of culture demonstrated the DC phenotype (Fig. 3A) and CCR3, CXCR4, and CCR5
expression (Fig. 3B) of CD34⫹-derived bulk progeny from bone
marrow. Results shown in Fig. 3 represent one of three independent experiments for day 0 DCs, three (intracellular staining) to six
(cell surface staining) for day 6 DCs, and three (intracellular staining) to four (cell surface staining) for day 12 DCs. At day 0, the
majority of cells were CD34⫹, HLA-DR⫹ cells (Fig. 3A, left panel). At days 6 and 12, cells were analyzed for the presence of
CD1a⫹ DC precursors. CD1a⫹ intermediates were evident at day
6 (Fig. 3A, middle panel). By day 12, even before exogenous maturation stimuli, a significant population of CD1a⫹CD83⫹ and
CD86⫹HLA-DR⫹⫹⫹ cells were present (Fig. 3A, right panels).
The expression of cell surface CCR3 was detected at all stages of
DC development with similar levels detected at days 0, 6, and 12.
The expression of CCR5 was similar to that of CCR3, while cell
surface expression of CXCR4 decreased after day 0 and remained
low thereafter. Similar results were obtained with DC populations
generated from umbilical cord blood and leukapheresis-derived
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FIGURE 4. Different maturation stimuli have little impact on CCR3
expression by moDCs. Blood-derived monocytes were cultured for 6 days
in the presence of GM-CSF and IL-4 to generate immature DCs. At day 6,
immature DCs were cultured for 48 h with different maturation stimuli as
indicated and flow cytometric analysis was performed. A, For each maturation stimulus, DC phenotype was monitored using double-staining with
anti-HLA-DR-FITC and PE-conjugated anti-CD25, -CD83, and -CD86.
Representative data from 1 of 3 to 40 experiments are shown (see Materials and Methods). B, Corresponding histograms illustrating cell surface
and intracellular CCR3, CXCR4, and CCR5 expression from DCs of the
same individual as in A. Cells were double-stained with anti-HLA-DR-PE
and isotype-matched control vs anti-CCR3, -CXCR4, or -CCR5 mAbs (detected with goat anti-mouse-FITC). One representative experiment is
shown for immature moDCs (⫺) of 1) 32 performed for cell surface and 23
for intracellular CCR3 expression, 2) 40 for cell surface and 28 for intracellular CXCR4 expression, and 3) 38 experiments for cell surface and 26
for intracellular CCR5 expression. For mature moDC, 1 representative experiment of 26 for MCM, and of 3 for LPS, PGE-2, TNF-␣, and PGE-2 ⫹
TNF-␣ is shown. Each histogram shows the background staining with the
nonspecific Ig Ab (negative isotype-matched control; shaded profile) and
the staining with a mAb specific for the indicated chemokine receptor
(solid line) by the HLA-DR⫹ gated cells. The number in each panel indicates the average of the D value, which is the greatest difference between
the background staining with the negative isotype-matched control and the
staining with the mAb specific for the given chemokine receptor, according
to the K/S statistical test for all 3 to 40 independent experiments performed
(see Materials and Methods). Values of D were calculated as an average of
all the experiments performed for a given condition and do not correspond
to the level of chemokine receptor expression illustrated by the histograms.
Results in A and B were obtained with moDCs derived from one individual.

DCs. For cord-blood-derived DCs, one (intracellular staining) to
three (cell surface staining) independent experiments were performed for day 0 DCs, two for day 6 DCs, and two for day 12 DCs
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(data not shown). For peripheral blood stem cell-derived DCs, one
(intracellular staining) to two (cell surface staining) independent
experiments were performed for day 0 DCs, two (intracellular
staining) to four experiments (cell surface staining) for day 6 DCs,
and three (intracellular staining) to four experiments (cell surface
staining) for day 12 DCs (data not shown). As was the case with
the skin-derived DCs (Fig. 2), all the populations of CD34⫹-derived DCs contained a significant level of intracellular CCR3,
CXCR4, and CCR5.
TGF-␤1 plays a critical role in the differentiation of LCs in vitro
and in vivo (36, 58, 59). However, we found that TGF-␤1 did not
influence the observed (above) expression of CCR3, CCR5, and
CXCR4 on DCs originating from CD34⫹-precursors (data not
shown).

Mature and immature moDCs express CCR3
DCs can be obtained in large numbers from blood monocytes, and
these DCs were used to study the effects of different stimuli on the
surface expression of CCR3, CCR5, and CXCR4. After an initial
differentiation of monocytes to immature DCs with GM-CSF and
IL-4, maturation was induced by culturing for an additional two
days with 1) MCM, 2) LPS, 3) PGE2, 4) TNF-␣, and 5) a combination of PGE2 and TNF-␣ (Fig. 4A). As was the case with skinand CD34⫹-derived DCs, CCR3, CXCR4, and CCR5 levels on the
cell surface varied between donors. Fig. 4, A and B, illustrates the
phenotypic characteristics and CCR3, CXCR4, and CCR5 expression by moDCs derived from one individual. In this example, there
might be a slight down-regulation of the cell surface CCR3 levels
on mature DCs as compared with immature. However, the average
D values, shown in the right corners of the histograms (Fig. 4B),
calculated from the analysis of cell surface CCR3 expression (vs
the isotype-matched controls) on immature and mature DCs (obtained upon treatment with MCM) derived from 32 individuals
highlight that mature and immature DCs expressed similar levels
of CCR3 on their cell surface. The level of expression of CCR3 on
the cell surface of mature DCs obtained upon treatment with LPS
(n ⫽ 3), PGE2 (n ⫽ 3), TNF-␣ (n ⫽ 3), and combination of PGE2
and TNF-␣ (n ⫽ 3) was again not significantly different from the
level detected on immature DCs. All cells contained significant
amounts of intracellular CCR3 (right panels).
As expected, the surface expression of CXCR4 was significantly
increased on mature moDCs compared with immature blood DCs
(Fig. 4B, middle panels) (20 –22). This pattern of CXCR4 expression is different from the one that we observed with different populations of CD34⫹-derived DCs (Fig. 3B, middle panels). The surface expression of CCR5 was down-regulated upon maturation
(Fig. 4B, right panels) in agreement with previous findings (20,
23). Incomplete DC maturation induced with PGE2 or TNF-␣
alone (Fig. 4A) correlated with “intermediate” expression of
CXCR4 and to a lesser degree CCR5 (Fig. 4B, middle and right
panels). Again, all three receptors were detected intracellularly.
Several reports have indicated that other stimuli, such as
TGF-␤1 and huCD40L, can influence the differentiation and phenotype of moDCs (22, 36, 58, 59). In the next set of experiments,
TGF-␤1, huCD40L, or a combination of the two were added to
immature DC culture. TGF-␤1 increased CD1a expression but did
not fully mature the DC. The presence of huCD40L resulted in DC
maturation as monitored by FACS analysis, and the combination
of TGF-␤1 and huCD40L resulted in an intermediate pattern of
maturation (data not shown). However, both populations of mature
DCs expressed similar levels of CCR3 on their surface, while the
levels of CXCR4 and CCR5 correlated with the DC maturation
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state in agreement with previous findings with moDCs (data not
shown).
RT-PCR analysis was also performed to assess the presence of
CCR3 mRNA in immature and mature moDCs. Fig. 5A shows the
results obtained in mature moDCs from one individual. The expression of CCR3 mRNA was compared with the expression of
CXCR4, CCR5, CXCR6, and CCR8 mRNAs. As seen from Fig.
5A, mature moDCs express significantly lower levels of CCR3
transcripts compared with CXCR4 and CCR5, but similar to the
levels of CXCR6. The relative levels of CCR3, CXCR4, and
CCR5 mRNA in mature moDCs detected in this experiment correlated with the levels measured by FACS analysis (Fig. 4B). The
expression of CCR3 in mature moDCs was further confirmed
when full-length CCR3 cDNA was obtained from total RNA prepared from purified mature mo DCs. However, immature and mature moDCs from another individual did not express CCR3 transcripts, although the pattern of expression of CXCR4, CCR5, and
CCR7 mRNAs in immature vs mature DCs was in agreement with
the published observations (20, 21, 23, 25). In addition, the relative
levels of CXCR4 and CCR5 mRNA in immature and mature DCs
of this individual correlated with the levels detected by FACS
analysis and represented by the D values calculated as an average
of multiple experiments(Fig. 4B).
As expected, in both individuals immature and mature moDCs
did not express transcripts for CCR8, the I-309 receptor constitutively expressed in monocytes and the thymus (60, 61).
Uptake of particles by DCs does not alter CCR3 expression
Our experiments demonstrated that DCs derived from different
progenitors and at various stages of maturation expressed low levels of CCR3 on their cell surface. However, there was always a

FIGURE 5. Donor dependent CCR3 mRNA expression by mature (A)
and immature and mature (B) moDCs detected by RT-PCR. Expression of
CCR3 mRNA in purified mature (A) and immature and mature moDCs (B)
was compared with the expression of CXCR4, CCR5, CXCR6, and CCR8
mRNAs (A) and to CXCR4, CCR5, CCR7, and CCR8 mRNA (B). DCs
were purified by sorting on large cells (as determined by forward and side
scatter) that were negative for CD3 and CD20 to exclude T and B cells,
respectively (41). Representative examples are from two individuals. The
1.1-kb marker indicates the expected size of full-length CCR3 mRNA.
Immature and mature moDCs in B do not express CCR3 mRNA. Actin
primers were added in each sample as an internal control. Amplified samples were resolved on ethidium bromide-stained agarose gels.
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significant intracellular pool of CCR3. Therefore, we next investigated whether the uptake of particles would stimulate the release
of CCR3 from this intracellular pool and increase its levels on the
cell surface. Immature moDCs (day 6) were cultured without or
with 1) zymosan or 2) latex beads in the presence or absence of
maturation stimuli (MCM or LPS). DC phenotype and CCR3,
CXCR4, and CCR5 expression were monitored at different time
points (1, 5, 24, and 48 h). Within 1 h, many latex and zymosan
particles were taken up and were retained for the 48-h observation
period (data not shown). DC phenotype and CCR3 expression
were unchanged at the 1 h time point. Within 5 h, evidence of
phenotypic maturation (up-regulation of CD25, CD83, CD86) was
observed with zymosan alone, and also with zymosan in combination with MCM (data not shown). At 48 h, a typical mature DC
phenotype was seen (Table I). In contrast, uptake of latex beads
did not affect the phenotype even after 48 h (Table I). However,
none of these conditions had a significant impact on the levels of
CCR3 on the surface of mature moDCs (Table I). Uptake of latex
beads during maturation in the presence of LPS may have somewhat increased the surface expression of CCR3 on mature DCs, as
measured by the changes of D values from 0.4 to 0.6. CCR5 expression was in accordance with expected levels of these receptors
in immature and mature moDCs in the absence of a particle meal
(Ref. 21; Figs. 4B and 5B). The particle uptake prevented the upregulation of CXCR4 on mature moDCs upon stimulation of immature DCs with LPS but not MCM. These observations indicate
that different pathways regulate the levels of cell surface expression of CCR5 and CXCR4 on immature and mature moDCs, but
have little impact on CCR3.
CCR3 expression by DCs enables migration to eotaxin and
eotaxin-2
Chemotaxis assays were performed on skin-, CD34⫹-derived
(bone-marrow, umbilical cord-blood, and leukapheresis), and immature and mature moDCs. The tested chemokines interacted with
CCR3 (eotaxin and eotaxin-2), CXCR4 (SDF-1), and CCR7 (MIP3␤/ELC). For the chemotaxis experiments, DCs were selected on
the basis of CCR3 expression on their cell surface, because the
main aim was to determine whether DCs have a chemotactic response to eotaxin. The average of the D values, calculated according to the K/S statistical test (44) (see Figs. 2– 4 and Statistics),
was taken as an index representing the level of CCR3 expression
on the cell surface. The range of D values on all different DC
subsets used in the chemotaxis experiments was between 0.1 and
0.8. In all experiments, DC chemotaxis in response to SDF-1 (10

nM) and MIP-3␤ (100 nM) was the positive control, while DC
chemotaxis in the absence of any chemokines (culture medium
alone) was the negative control.
Chemotactic responses to eotaxin (100 nM) were observed with
all DC populations (Figs. 6 and 7). However, there was a large
variation in the migratory responses observed between different
experiments, regardless of the DC origin (Fig. 6A). The number of
migratory cells correlated roughly with the D values of CCR3
expression. For example, the high migratory response was consistently observed with DCs where D values were above 0.5.
We pursued this observation further with immature and mature
(obtained upon MCM treatment) moDCs, because we could perform larger number of experiments. In this set of experiments (n ⫽
12), we compared the chemotactic response of cells with D values
above 0.4 (high) and below 0.4 (low). This D value was chosen as
a cut-off number because we observed that, in the majority of
experiments, much higher chemotactic responses to eotaxin were
observed when D values were 0.4 and higher, and also because it
corresponded to the average D values (Fig. 4 and Table I). As seen
in Fig. 6B, both immature and mature moDCs with D values above
0.4 (n ⫽ 4 for immature and n ⫽ 7 for mature DCs) demonstrated
larger chemotactic responses to 100 nM eotaxin than DCs with D
values below 0.4. These differences were statistically significant
(Student’s t test, p ⬍ 0.026 for immature DCs, and p ⬍ 0.00015
for mature DCs).
The immature moDCs consistently demonstrated lower chemotactic responses than the mature moDCs, even when the D values
were identical. The extent of chemotactic migration of immature
and mature DCs was dependent on the eotaxin concentrations (Fig.
6C) and continued to be segregated at concentrations of 1 and 10
nM according to the D values, as was the case with 100 nM eotaxin
(Fig. 6B). The responses of immature and mature DCs to 100 nM
eotaxin shown in Fig. 6B were measured in the same experiments
as the responses to 1 and 10 nM eotaxin (n ⫽ 12) shown in Fig.
6C. The values for 100 nM eotaxin from Fig. 6B are plotted again
in Fig. 6C to highlight the dose-dependent chemotaxis. In a few
instances, mature moDCs did not show chemotactic response upon
treatment with eotaxin, although D values were in the range of 0.4,
and chemotaxis was observed in response to SDF-1 and MIP-3␤.
In all the control experiments, immature moDCs showed only a
low response to SDF-1 (10 nM) and MIP-3␤ (100 nM) (data not
shown). In contrast, mature moDCs showed strong chemotactic activity to SDF-1 (10 nM) and MIP-3␤ (100 nM) (Fig. 7A). The chemotactic responses of immature and mature DCs to SDF-1 correlated
well with the increased expression of CXCR4 on mature DCs (Figs.

Table I. Uptake of particles does not modulate cell surface CCR3 expression by moDCsa
Chemokine Receptor Expression (D valuesb)
Stimulus

None
MCM
LPS
Latex
Latex ⫹ MCM
Latex ⫹ LPS
Zymosan
Zymosan ⫹ MCM
Zymosan ⫹ LPS

DC Phenotypec (48 h)

CCR3

CXCR4

CCR5

CD25

CD83

CD86

0.4
0.4
0.3
0.4
0.3
0.6
0.4
0.2
0.3

0.3
0.7
0.5
0.1
0.6
0.3
0.7
0.5
0.2

0.7
0.4
0.4
0.5
0.4
0.3
0.5
0.2
0.3

⫺
⫹⫹
⫹⫹
⫺
⫹⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹

⫺/weak
⫹⫹
⫹⫹
⫺/weak
⫹⫹
⫹⫹
⫹⫹
⫹⫹
⫹⫹

⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹
⫹⫹⫹⫹

a
The average D values from three to five independent experiments are shown for CCR3, CXCR4, and CCR5 surface expression on HLA-DR⫹ moDCs activated by the
indicated stimuli.
b
Values of D represent the greatest difference between the mean fluorescence of the isotype negative control and the specific Ab stain according to the K/S statistical test.
c
Each ⫹ reflects 1 log of fluorescence staining as determined by FACS.
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FIGURE 6. Chemotactic responses of different subsets of DCs. Immature moDCs, mature moDCs, emigrated skin DCs, and CD34⫹ bone marrow
(BM)-derived DCs at days 6 and 12 were isolated and prepared as described in Materials and Methods. Cells (5 ⫻ 104 cells/well) were incubated in a final
volume of 50 l for 2 h without (medium alone) or in the presence of a gradient of eotaxin (1 nM, 10 nM, 100 nM) (in triplicate wells) and tested for their
ability to migrate across a 5-m pore-size polycarbonate filter. For each well, the number of DCs that had migrated through the filter and were still attached
to it was determined. Migrated DCs were counted twice in five fields at ⫻1000 magnification and averaged. Chemotaxis in response to SDF-1 (10 nM)
and MIP-3␤ (100 nM) were the positive controls (not shown) and in the absence of any chemokines (medium) was the negative control. A, Results (mean ⫾
SEM) represent an average of 12 independent experiments measuring the chemotactic response to 100 nM eotaxin of immature and mature moDCs and
2 for skin- and CD34⫹- bone marrow days 6 and 12 DCs. Chemotaxis experiments were also performed with days 6 DCs (n ⫽ 2) and 12 DCs (n ⫽ 2)
derived from CD34⫹ progenitors from cord-blood and by leukapheresis. Results from both experiments were similar to the ones shown for CD34⫹ bone
marrow-derived days 6 and 12 DCs (data not shown). B, Chemotactic responses to 100 nM eotaxin of immature and mature moDCs expressing different
levels of cell surface CCR3 as determined by D values (see Statistics, Figs. 2– 4 and Table I). Results (mean ⫾ SEM) are an average of 8 independent
experiments for immature, and 5 for mature, moDCs with D values below 0.4 (low) and 4 independent experiments with immature, and 7 for mature,
moDCs with D values above 0.4 (high). ⴱ, Statistically significant differences in B. C, Dose-dependent chemotactic response to eotaxin (1, 10, and 100 nM)
and eotaxin-2 (100, 500, and 1000 nM) of immature and mature moDCs expressing low and high levels of cell surface CCR3 as determined by D values.
Responses to 1 and 10 nM eotaxin were measured in the same experiments as the ones shown in B. Results for 100 nM eotaxin from B are plotted again
in C to highlight the dose-dependent migratory responses. Results for eotaxin-2 represent an average of triplicate wells.

4B and 5B), while the strong migratory response of mature DCs to
MIP-3␤ correlated with increased mRNA expression of CCR7 by
mature DCs (Ref. 25 and Fig. 5B).
We also tested eotaxin-2, another CCR3 ligand, but with lower
affinity than eotaxin. As seen in Fig. 6C, eotaxin-2 did induce a
dose-dependent chemotactic response, albeit lower than that induced by eotaxin. The maximum chemotactic response to
eotaxin-2 was observed at 1000 nM and was lower than the migratory response to 100 nM eotaxin, consistent with the published
observations (62).
Checkerboard analysis conducted in preliminary experiments
confirmed that the actions of eotaxin and eotaxin-2 on mature
moDCs were chemotactic and not chemokinetic (data not shown).
To confirm that CCR3 was mediating the response to eotaxin,
mature moDCs were preincubated with anti-CCR3 mAbs (clone
61828.11 and mAb 7B11) at concentrations of 20 g/ml before
measuring chemotaxis to eotaxin, eotaxin-2, SDF-1, and MIP-3␤.
Both Abs inhibited the chemotactic response to eotaxin and
eotaxin-2, but not as completely as reported for eosinophils (43,
62). The migration in response to SDF-1 and MIP-3␤ were unaf-

fected. The results shown in Fig. 7 represent the chemotactic responses obtained in the presence of the mAb clone 61828.11 and
are similar to the ones obtained with the mAb 7B11 Ab.

Discussion
Our results demonstrate that the eotaxin receptor CCR3 is expressed and is functional on immature and mature moDCs, mature
skin-DCs, as well as on DCs derived from CD34⫹ hemopoietic
progenitors. However, we found that the level of CCR3 expression
was donor-dependent. A few individuals, from the pool of ⬃50
examined in our studies, did not express CCR3 on their DCs, an
observation that may explain the conflicting reports in the literature regarding the expression of CCR3 on DCs (19, 33, 34). The
expression of CCR3 on the cell surface was lower, as determined
by FACS analysis, than CCR5 and CXCR4, the other two chemokine receptors that we used as controls in our studies. This observation was confirmed in the RT-PCR experiments that also detected in mature moDCs lower levels of CCR3 mRNA as
compared with CXCR4 and CCR5 mRNAs (Fig. 5A).
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FIGURE 7. Inhibition of eotaxin-induced chemotaxis by anti-CCR3 mAb. Mature moDCs were
generated as described, using MCM as the maturation stimulus. DCs were preincubated for 1 h at
37°C with 20 g of either nonspecific Ig Ab (isotype-matched control) or anti-CCR3 mAb (clone
61828.111; R&D Systems) or left untreated (no tx),
before addition of (A) SDF-1 (10 nM), MIP-3␤
(100 nM), and (B) eotaxin (100 nM) or eotaxin-2
(1000 nM) in the chemotaxis chamber for 2 h. Control wells contained only the CCR3-specific mAbs
or isotype-matched controls. For each well, the migrated DCs were counted in five fields at a ⫻1000
magnification and averaged as for Fig. 6. Results
represent an average of triplicate wells.

In contrast to CCR5 and CXCR4, the level of CCR3 expression
on the cell surface of DCs was similar on all DC subsets and was
not dependent on their developmental stage. In our experiments,
immature DCs expressed higher levels of CCR5 than the mature
DCs (Figs. 4B and 5B), in agreement with previously published
observations (20, 22, 23). The expression of CXCR4 on different
DCs subsets showed a more complex pattern. CXCR4 levels on
mature moDCs were up-regulated as compared with immature
moDCs after incubation of immature moDCs with the typical maturation stimuli (MCM or LPS) (Figs. 4B and 5B), as expected.
(20 –22). However, in CD34⫹-derived DCs the level of expression
of CXCR4 decreased on the mature subset (days 6 and 12) compared with the immature (day 0; Fig. 2). Finally, the addition of
latex beads or zymosan to MCM and LPS had different impacts on
CXCR4 levels (Table I). In the presence of LPS, uptake of particles by immature moDCs inhibited the up-regulation of CXCR4,
typically observed during maturation in the presence of MCM
(Table I).
The uniform expression of CCR3 on different DC subsets seems
to be so far a unique characteristic of CCR3 because the expression
of all the other chemokine receptors that have been tested, like
CCR6 and CCR7, is also dependent on the origin of DCs and their
developmental stage (25, 26, 63). Our results indicate that the expression of some chemokine receptors, like CCR3 and CXCR4, on
different DC subsets is regulated by pathways that are not entirely
connected to the phenotypic changes leading to mature DCs.
To investigate whether the expression of CCR3 on DCs was
functional, we measured the chemotaxis of DCs in responses to its
natural ligands. We found that all different subsets of DCs demonstrated consistent and dose-dependent chemotactic responses to
eotaxin and eotaxin-2. (Figs. 6 and 7). Maximum migratory responses were observed at 100 nM eotaxin (Fig. 6C) and 1000 nM
eotaxin-2 (Fig. 6D), identical to the ones described for eosinophils
and basophils (31, 62, 64, 65). As was the case with eosinophils
(43), we found a considerable variation between donors in the
migratory responses to eotaxin (Fig. 6, A–C). However, there was
a good correlation between the cell surface levels of CCR3, represented by the D values (see Materials and Methods and Results)
and the extent of the chemotactic response of DCs to eotaxin at all
three tested concentrations (Fig. 6, B and C). Immature moDCs
demonstrated consistently lower migratory responses than the mature moDCs even when similar levels of CCR3 were expressed on
immature and mature moDCs. In few instances, we also observed
that mature moDCs did not migrate in response to eotaxin, although CCR3 was expressed on their cell surface and chemotaxis
was observed in response to SDF-1 and MIP-3␤. These limited

observations suggest that some other factor(s), beside CCR3 expression on the cell surface, might influence DC chemotaxis in
response to eotaxin. In our experiments, the migratory responses of
DCs to eotaxin were consistently lower than to SDF-1 and MIP-3␤
at all concentrations tested (1, 10, and 100 nM), but nonetheless
they were in the similar range as reported for eosinophils (31, 64,
65). Migratory responses of DCs to SDF-1 and MIP-3␤ also varied
significantly between donors, but we did not investigate this variation in depth as we did for eotaxin.
Dose-dependent chemotaxis of immature and mature moDCs
obtained from multiple donors was also observed in response to
eotaxin-2 (Fig. 6C, right panel; Fig. 7B), which is a functional
homologue of eotaxin. However, this required a 10-fold higher
concentration (Figs. 6C and Fig. 7B), consistent with the published
results describing the chemotactic response of eosinophils to
eotaxin and eotaxin-2 (62). Pretreatment of DCs with two different
CCR3-specific mAbs inhibited the chemotaxis in response to
eotaxin and eotaxin-2, but not to SDF-1 or MIP-3␤ (Fig. 7), thus
confirming that CCR3 is the principal chemokine receptor mediating chemotaxis of DCs to eotaxin and eotaxin-2.
Preincubation of eosinophils with the murine mAb 7B11 led to
a complete inhibition of chemotaxis (43, 62). In contrast to these
findings in eosinophils, preincubation with two different CCR3specific Abs, one of them being mAb 7B11, did not completely
inhibit in our experiments the chemotaxis of DCs in response to
eotaxin and eotaxin-2 (Fig. 7). Analogous to our findings in DCs,
partial inhibition of SDF-1 induced chemotactic responses of lymphocytes and monocytes has been reported for the CXCR4-specific
mAb 12G5 (66). Possibly, DCs undergo a rapid exchange of CCR3
between the cell surface and the intracellular stores, making complete Ab blocking more difficult. Alternatively, DCs may have
another, yet to be identified chemokine receptor that recognizes
eotaxin and eotaxin-2. It is unlikely, though, that the chemotactic
responses of DCs to eotaxin are mediated through the other eotaxin
receptor CCR5 (67), due to the low affinity of CCR5 toward
eotaxin (68). However, it is clear from our experiments that DCs
continue to respond to eotaxin and eotaxin-2 during their transition
from an immature to a mature state.
We also observed that all DC subsets contained significant intracellular pools of CCR5, CXCR4, and CCR3. Several known
agents that promote DC maturation and activation, like MCM,
LPS, PGE2, TNF-␣, CD40L, TGF-␤1, or uptake of zymosan or
latex beads, did not significantly up-regulate the cell surface expression of CCR3 (Table I). These observations suggest that surface recruitment of CCR3 from the intracellular stores, if it occurs,
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will be triggered by factors not related to these forms of DC maturation. They reinforce our earlier conclusions that the expression
of CCR3 on DCs, unlike CCR5 and CCR7, may not be regulated
by the known pathways leading to the phenotypic changes that
characterize the immature and mature DCs.
The existence of intracellular pools of chemokine receptors is
not restricted to DCs. For example, CXCR4 is found in the cytoplasm of a variety of lymphocytes (69). The significance of trafficking of the chemokine receptors between the cell surface and the
cytoplasm of different cell types has been addressed for some chemokine receptors. Most studies in this area have been focused on
ligand-induced receptor internalization. Earlier work has demonstrated that in neutrophils, the binding of IL-8 triggers a rapid
internalization and recycling to the cell surface of the IL-8R, suggesting that this event is important in regulating chemotaxis to
IL-8 (70). More recent work has demonstrated rapid and prolonged
internalization of CXCR4 and CCR5 induced by their ligands in
different subsets of lymphocytes (69, 71, 72), as well as internalization of CCR3 in eosinophils induced upon binding of eotaxin
and its other ligand RANTES (73).
Our results raise the possibility that CCR3 mediates a coordinated influx of DCs and other cells during certain types of inflammation. Eotaxin expression is typically associated with the recruitment of eosinophils to inflamed tissues (64, 74) and in their
accumulation during some inflammatory processes, like allergy
and asthma (75–77). Expression of CCR3 on basophils (30, 31),
human T lymphocytes (78), and Th2 subsets (32) has also been
implicated in the recruitment of these cell types to sites of allergic
inflammation where they colocalize with eosinophils. A combination of eosinophils and LCs is observed in the tissue infiltrates of
the disease LC granulomatosis or histiocytosis (79 – 82). This disease of unknown origin is characterized by granulomatous lesions
mainly in the bone and the lung, and occasionally in the skin,
lymph node, spleen, posterior pituitary, and liver (83, 84). The
diagnostic LCs have Birbeck granules and the CD1a⫹ marker (79,
81). Several inflammatory cytokines are detected in the lesions,
including GM-CSF, IL-4, and TNF-␣ (80). These cytokines mediate developmental changes in DCs, especially viability and maturation, with signs of the latter reported in histiocytosis (82).
CCR3 ligands, like eotaxin and RANTES, could also be involved
and could mediate the combined accumulation of eosinophils and
LCs that are observed in these rare but clinically significant
granulomas.
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2. Romani, N., A. Lenz, H. Glassel, H. Stössel, U. Stanzl, O. Majdic, P. Fritsch, and
G. Schuler. 1989. Cultured human Langerhans cells resemble lymphoid dendritic
cells in phenotype and function. J. Invest. Dermatol. 93:600.
3. Tang, A., M. Amagai, L. G. Granger, J. R. Stanley, and M. C. Udey. 1993.
Adhesion of epidermal Langerhans cells to keratinocytes mediated by E-cadherin. Nature 361:82.

CCR3 IN HUMAN DC SUBSETS
4. Birbeck, M. S. C., A. S. Breathnach, and J. D. Everall. 1961. An electron microscopic study of basal melanocyte and high level clear cell (Langerhans cell) in
vitiligo. J. Invest. Dermatol. 37:51.
5. Wolff, K. 1967. The fine structure of the Langerhans cell granule. J. Cell Biol.
35:468.
6. Valladeau, J., O. Ravel, C. Dezutter-Dambuyant, K. Moore, M. Kleijmeer,
Y. Liu, V. Duvert-Frances, C. Vincent, D. Schmitt, J. Davoust, et al. 2000. Langerin, a novel C-type lectin specific to Langerhans cells, is an endocytic receptor
that induces the formation of Birbeck granules. Immunity 12:71.
7. Valladeau, J., V. Duvert-Frances, J. J. Pin, C. Dezutter-Dambuyant, C. Vincent,
C. Massacrier, J. Vincent, K. Yoneda, J. Banchereau, C. Caux, et al. 1999. The
monoclonal antibody DCGM4 recognizes Langerin, a protein specific of Langerhans cells, and is rapidly internalized from the cell surface. Eur. J. Immunol.
29:2695.
8. Abrams, J. R., S. L. Kelley, E. Hayes, T. Kikuchi, M. J. Brown, S. Kang,
M. G. Lebwohl, C. A. Guzzo, B. V. Jegasothy, P. S. Linsley, and J. G. Krueger.
2000. Blockade of T lymphocyte costimulation with cytotoxic T lymphocyteassociated antigen 4-immunoglobulin (CTLA4 Ig) reverses the cellular pathology
of psoriatic plaques, including the activation of keratinocytes, dendritic cells, and
endothelial cells. J. Exp. Med. 192:681.
9. Bender, A., M. Sapp, G. Schuler, R. M. Steinman, and N. Bhardwaj. 1996. Improved methods for the generation of dendritic cells from nonproliferating progenitors in human blood. J. Immunol. Methods 196:121.
10. Romani, N., D. Reider, M. Heuer, S. Ebner, B. Eibl, D. Niederwieser, and
G. Schuler. 1996. Generation of mature dendritic cells from human blood: an
improved method with special regard to clinical applicability. J. Immunol. Methods 196:137.
11. Caux, C., B. Vanbervliet, C. Massacrier, C. Dezutter-Dambuyant,
B. de Saint-Vis, C. Jacquet, K. Yoneda, S. Imamura, D. Schmitt, and
J. Banchereau. 1996. CD34⫹ hematopoietic progenitors from human cord blood
differentiate along two independent dendritic cell pathways in response to GMCSF⫹ TNF ␣. J. Exp. Med. 184:695.
12. Inaba, K., M. Inaba, N. Romani, H. Aya, M. Deguchi, S. Ikehara, S. Muramatsu,
and R. M. Steinman. 1992. Generation of large numbers of dendritic cells from
mouse bone marrow cultures supplemented with granulocyte/macrophage colony-stimulating factor. J. Exp. Med. 176:1693.
13. Caux, C., C. Dezutter-Dambuyant, D. Schmitt, and J. Banchereau. 1992. GMCSF and TNF-␣ cooperate in the generation of dendritic Langerhans cells. Nature
360:258.
14. Baggiolini, M., B. Dewald, and B. Moser. 1997. Human chemokines: an update.
Annu. Rev. Immunol. 15:675.
15. Baggiolini, M. 1998. Chemokines and leukocyte traffic. Nature 392:565.
16. Rossi, D., and A. Zlotnik. 2000. The biology of chemokines and their receptors.
Annu. Rev. Immunol. 18:217.
17. Zlotnik, A., and O. Yoshie. 2000. Chemokines: a new classification system and
their role in immunity. Immunity 12:121.
18. Luster, A. D. 1998. Mechanisms of disease: Chemokines-chemotactic cytokines
that mediate inflammation. N. Engl. J. Med. 338:436.
19. Sozzani, S., W. Luini, A. Borsatti, N. Polentarutti, D. Zhou, L. Piemonti, G.
D’Amico, C. A. Power, T. N. C. Wells, M. Gobbi, et al. 1997. Receptor expression and responsiveness of human dendritic cells to a defined set of CC and CXC
chemokines. J. Immunol. 159:1993.
20. Sozzani, S., P. Allavena, G. D’Amico, W. Luini, G. Bianchi, M. Kataura, T. Imai,
O. Yoshie, R. Bonecchi, and A. Mantovani. 1998. Differential regulation of chemokine receptors during dendritic cell maturation: a model for their trafficking
properties. J. Immunol. 161:1083.
21. Delgado, E., V. Finkel, M. Baggiolini, I. Clark-Lewis, C. R. Mackay,
R. M. Steinman, and A. Granelli-Piperno. 1998. Mature dendritic cells respond to
SDF-1, but not to several ␤ chemokines. Immunobiology 198:490.
22. Sallusto, F., P. Schaerli, P. Loetscher, C. Schaniel, D. Lenig, C. R. Mackay,
S. Qin, and A. Lanzavecchia. 1998. Rapid and coordinated switch in chemokine
receptor expression during dendritic cell maturation. Eur. J. Immunol. 28:2760.
23. Ignatius, R., Y. Wei, S. Beaulieu, A. Gettie, R. M. Steinman, M. Pope, and
S. Mojsov. 2000. The immunodeficiency virus coreceptor, Bonzo/STRL33/TYMSTR, is expressed by rhesus macaque and human skin and blood-derived dendritic cells. AIDS Res. Hum. Retroviruses 16:1055.
24. Greaves, D. R., W. Wang, D. J. Dairaghi, M. C. Dieu, B. de Saint-Vis,
K. Franz-Bacon, D. Rossi, C. Caux, T. McClanahan, S. Gordon, et al. 1997.
CCR6, a CC chemokine receptor that interacts with macrophage inflammatory
protein 3␣ and is highly expressed in human dendritic cells. J. Exp. Med. 186:
837.
25. Dieu, M.-C., B. Vanbervliet, A. Vicari, J.-M. Bridon, E. Oldham, S. Ait-Yahia,
F. Briere, A. Zlotnik, S. Lebecque, and C. Caux. 1998. Selective recruitment of
immature and mature dendritic cells by distinct chemokines expressed in different
anatomic sites. J. Exp. Med. 188:373.
26. Sallusto, F., B. Palermo, D. Lenig, M. Miettinen, S. Matikainen, I. Julkunen,
R. Forster, R. Burgstahler, M. Lipp, and A. Lanzavecchia. 1999. Distinct patterns
and kinetics of chemokine production regulate dendritic cell function. Eur. J. Immunol. 29:1617.
27. Combadiere, C., S. K. Ahuja, and P. M. Murphy. 1995. Cloning and functional
expression of a human eosinophil CC chemokine receptor. J. Biol. Chem. 270:
16491.
28. Ponath, P. D., S. Qin, T. W. Post, J. Wang, L. Wu, N. P. Gerard, W. Newman,
C. Gerard, and C. R. Mackay. 1996. Molecular cloning and characterization of a
human eotaxin receptor expressed selectively on eosinophils. J. Exp. Med. 183:
2437.

The Journal of Immunology
29. Daugherty, B. L., S. J. Siciliano, J. A. DeMartino, L. Malkowitz, A. Sirotina, and
M. S. Springer. 1996. Cloning, expression, and characterization of the human
eosinophil eotaxin receptor. J. Exp. Med. 183:2349.
30. Uguccioni, M., C. R. Mackay, B. Ochensberger, P. Loetscher, S. Rhis,
G. J. LaRosa, P. Rao, P. D. Ponath, M. Baggiolini, and C. A. Dahinden. 1997.
High expression of the chemokine receptor CCR3 in human blood basophils: role
in activation by eotaxin, MCP-4, and other chemokines. J. Clin. Invest. 100:1137.
31. Yamada, H., K. Hirai, M. Miyamasu, M. Iikura, Y. Misaki, S. Shoji, T. Takaishi,
T. Kasahara, Y. Morita, and K. Ito. 1997. Eotaxin is a potent chemotaxin for
human basophils. Biochim. Biophys. Acta 231:365.
32. Sallusto, F., C. R. Mackay, and A. Lanzavecchia. 1997. Selective expression of
the eotaxin receptor CCR3 by human T helper 2 cells. Science 277:2005.
33. Rubbert, A., C. Combadiere, M. Ostrowski, J. Arthos, M. Dybul, E. Machado,
M. A. Cohn, J. A. Hoxie, P. M. Murphy, A. S. Fauci, and D. Weissman. 1998.
Dendritic cells express multiple chemokine receptors used as coreceptors for HIV
entry. J. Immunol. 160:3933.
34. Sato, K., H. Kawasaki, H. Nagayama, R. Serizawa, J. Ikeda, C. Morimoto,
K. Yasunaga, N. Yamaji, T. Juji, and T. A. Takahashi. 1999. CC Chemokine
receptors, CCR-1 and CCR-3, are potentially involved in antigen-presenting cell
function of human peripheral blood monocyte-derived dendritic cells. Blood 93:
34.
35. Pope, M., M. G. H. Betjes, H. Hirmand, L. Hoffman, and R. M. Steinman. 1995.
Both dendritic cells and memory T lymphocytes emigrate from organ cultures of
human skin and form distinctive dendritic-T cell conjugates. J. Invest. Dermatol.
104:11.
36. Strobl, H., E. Riedl, C. Scheinecker, C. Bello-Fernandez, W. F. Pickl,
K. Rappersberger, O. Majdic, and W. Knapp. 1996. TGF-␤1 promotes in vitro
development of dendritic cells from CD34⫹ hemopoietic progenitors. J. Immunol. 157:1499.
37. Szabolcs, P., D. Avigan, S. Gezelter, D. H. Ciocon, M. A. S. Moore,
R. M. Steinman, and J. W. Young. 1996. Dendritic cells and macrophages can
mature independently from a human bone marrow-derived, post-CFU intermediate. Blood 87:4520.
38. Young, J. W., and R. M. Steinman. 1990. Dendritic cells stimulate primary human cytolytic lymphocyte responses in the absence of CD4⫹ helper T cells.
J. Exp. Med. 171:1315.
39. Reddy, A., M. Sapp, M. Feldman, M. Subklewe, and N. Bhardwaj. 1997. A
monocyte conditioned medium is more effective than defined cytokines in mediating the terminal maturation of human dendritic cells. Blood 90:3640.
40. O’Doherty, U., M. Peng, S. Gezelter, W. J. Swiggard, M. Betjes, N. Bhardwaj,
and R. M. Steinman. 1994. Human blood contains two subsets of dendritic cells,
one immunologically mature, and the other immature. Immunol. 82:487.
41. Ignatius, R., K. Mahnke, M. Rivera, K. Hong, F. Isdell, R. M. Steinman, M. Pope,
and L. Stamatatos. 2000. Presentation of proteins encapsulated into sterically
stabilized liposomes by dendritic cells initiates CD8⫹ T cell responses in vivo.
Blood 96:3505.
42. Folks, T., S. Benn, A. Rabson, T. Theodore, M. D. Hoggan, M. Martin,
M. Lightfoote, and K. Sell. 1985. Characterization of a continuous T-cell line
susceptible to the cytopathic effects of acquired immunodeficiency syndrome
(AIDS)-associated retrovirus. Proc. Natl. Acad. Sci. USA 82:4539.
43. Heath, H., S. Qin, P. Rao, L. Wu, G. LaRosa, N. Kassam, P. D. Ponath, and
C. R. Mackay. 1997. Chemokine receptor usage by human eosinophils: the importance of CCR3 demonstrated using an antagonistic monoclonal antibody.
J. Clin. Invest. 99:178.
44. Young, I. T. 1977. Proof without prejudice: use of the Kolmogorov-Smirnov test
for analysis of histograms from flow systems and other sources. J. Histochem.
Cytochem. 25:935.
45. Falk, W., R. H. Goodwin, and E. J. Leonard. 1980. A 48-well micro chemotaxis
assembly for rapid and accurate measurement of leukocyte migration. J. Immunol. Methods 33:239.
46. Sozzani, S., F. Sallusto, W. Luini, D. Zhou, L. Peimonti, P. Allavena,
J. van Damme, S. Salitutti, A. Lanzavecchia, and A. Mantovani. 1995. Migration
of dendritic cells in response to formyl peptides, C5a, and a distinct set of chemokines. J. Immunol. 155:3292.
47. Lukas, M., H. Stoessel, L. Hefel, S. Imamura, P. Fritsch, N. T. Sepp, G. Schuler,
and N. Romani. 1996. Human cutaneous dendritic cells migrate through dermal
lymphatic vessels in a skin organ culture model. J. Invest. Dermatol. 106:1293.
48. Richters, C. D., M. J. Hoekstra, J. van Baare, J. S. DuPont, E. C. M. Hoefsmit,
and E. W. A. Kamperdijk. 1995. Migratory properties and functional capacities
of human skin dendritic cells. Br. J. Dermatol. 133:721.
49. Fithian, E., P. Kung, G. Goldstein, M. Rubenfeld, C. Fenoglio, and R. Edelson.
1981. Reactivity of Langerhans cells with hybridoma antibody. Proc. Natl. Acad.
Sci. USA 78:2541.
50. Zhou, L.-J., and T. F. Tedder. 1995. Human blood dendritic cells selectively
express CD83, a member of the immunoglobulin superfamily. J. Immunol. 154:
3821.
51. Mosialos, G., M. Birkenbach, S. Ayehunie, F. Matsumura, G. S. Pinkus, E. Kieff,
and E. Langhoff. 1996. Circulating human dendritic cells differentially express
high levels of a 55-kD actin-bundling protein. Am. J. Pathol. 148:593.
52. de Saint-Vis, B., J. Vincent, S. Vandenabeele, B. Vanbervliet, J.-J. Pin,
S. Ait-Yahia, S. Patel, M.-G. Mattei, J. Banchereau, S. Zurawski, et al. 1998. A
novel lysosome-associated membrane glycoprotein, DC-LAMP, induced upon
DC maturation, is transiently expressed in MHC class II compartment. Immunity
9:325.
53. Ignatius, R., R. M. Steinman, A. Granelli-Piperno, D. Messmer, C. Stahl-Hennig,
K. Tenner-Racz, P. Racz, I. Frank, L. Zhong, S. Schlesinger-Frankel, and
M. Pope. 2001. Dendritic cells during infection with HIV-1 and SIV. In Dendritic

2935

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Cells: Biology and Clinical Applications 35. M. T. Lotze and A. W. Thompson,
eds, p. 487.
Szabolcs, P., M. A. S. Moore, and J. W. Young. 1995. Expansion of immunostimulatory dendritic cells among the myeloid progeny of human CD34⫹ bone
marrow precursors cultured with c-kit ligand, granulocyte-macrophage colonystimulating factor, and TNF-␣. J. Immunol. 154:5851.
Young, J. W., P. Szabolcs, and M. A. S. Moore. 1995. Identification of dendritic
cell colony-forming units among normal CD34⫹ bone marrow progenitors that
are expanded by c-kit-ligand and yield pure dendritic cell colonies in the presence
of granulocyte/macrophage colony-stimulating factor and tumor necrosis factor
␣. J. Exp. Med. 182:1111.
Gatti, E., M. A. Velleca, B. C. Biedermann, W. Ma, J. Unternaehrer,
M. W. Ebersold, R. Medzhitov, J. S. Pober, and I. Mellman. 2000. Large-scale
culture and selective maturation of human Langerhans cells from granulocyte
colony-stimulating factor-mobilized CD34⫹ progenitors. J. Immunol. 164:3600.
Kashihara, M., M. Ueda, Y. Horiguchi, F. Furukawa, M. Hanaoka, and
S. Imamura. 1986. A monoclonal antibody specifically reactive to human Langerhans cells. J. Invest. Dermatol. 87:602.
Geissmann, F., C. Prost, J.-P. Monnet, M. Dy, N. Brousse, and O. Hermine. 1998.
Transforming growth factor ␤1, in the presence of granulocyte/macrophage colony-stimulating factor and interleukin 4, induces differentiation of human peripheral blood monocytes into dendritic Langerhans cells. J. Exp. Med. 187:961.
Borkowski, T. A., J. J. Letterio, A. G. Farr, and M. C. Udey. 1996. A role for
endogenous transforming growth factor ␤1 in Langerhans cell biology: the skin
of transforming growth factor ␤1 null mice is devoid of epidermal Langerhans
cells. J. Exp. Med. 184:2417.
Tiffany, H. L., L. L. Lautens, J. L. Gao, J. Pease, M. Locati, C. Combadiere,
W. Modi, T. I. Bonner, and P. M. Murphy. 1997. Identification of CCR8: A
human monocyte and thymus receptor for the CC chemokine I-309. J. Exp. Med.
186:165.
Roos, R. S., M. Loetscher, D. F. Legler, I. Clark-Lewis, M. Baggiolini, and
B. Moser. 1997. Identification of CCR8, the receptor for the human CC chemokine I-309. J. Biol. Chem. 272:17251.
Forssmann, U., M. Uguccioni, P. Loetscher, C. A. Dahinden, H. Langen,
M. Thelen, and M. Baggiolini. 1997. Eotaxin-2, a novel CC chemokine that is
selective for the chemokine receptor CCR3, and acts like eotaxin on human
eosinophil and basophil leukocytes. J. Exp. Med. 185:2171.
Kellermann, S. A., S. Hudak, E. R. Oldham, Y. J. Liu, and L. M. McEvoy. 1999.
The CC chemokine receptor-7 ligands 6Ckine and macrophage inflammatory
protein-3␤ are potent chemoattractants for in vitro- and in vivo- derived dendritic
cells. J. Immunol. 162:3859.
Garcia-Zepeda, E. A., M. E. Rothenberg, R. T. Ownbey, J. Celestin, P. Leder, and
A. D. Luster. 1996. Human eotaxin is a specific chemoattractant for eosinophil
cells and provides a new mechanism to explain tissue eosinophilia. Nat. Med.
2:449.
Garcia-Zepeda, E. A., C. Combadiere, M. E. Rothenberg, M. N. Sarafi,
F. Lavigne, Q. Hamid, P. M. Murphy, and A. D. Luster. 1996. Human monocyte
chemoattractant protein (MCP)-4 is a novel CC chemokine with activities on
monocytes, eosinophils, and basophils induced in allergic and nonallergic inflammation that signals through the CC chemokine receptors (CCR)-2 and -3.
J. Immunol. 157:5613.
Bleul, C. C., L. Wu, J. A. Hoxie, T. A. Springer, and C. R. Mackay. 1997. The
HIV coreceptors CXCR4 and CCR5 are differentially expressed and regulated on
human T lymphocytes. Proc. Natl. Acad. Sci. USA 94:1925.
Ogilvie, P., G. Bardi, I. Clark-Lewis, M. Baggiolini, and M. Uguccioni. 2001.
Eotaxin is a natural antagonist for CCR2 and an agonist for CCR5. Blood 97:
1920.
Blanpain, C., I. Migeotte, B. Lee, J. Vakili, B. J. Doranz, C. Govaerts, G. Vassart,
R. W. Doms, and M. Parmentier. 1999. CCR5 binds multiple CC-chemokines:
MCP-3 acts as a natural antagonist. Blood 94:1899.
Forster, R., E. Kremmer, A. Schubel, D. Breitfeld, A. Kleinschmidt, C. Nerl,
G. Bernhardt, and M. Lipp. 1998. Intracellular and surface expression of the
HIV-1 coreceptor CXCR4/fusin on various leukocyte subsets: rapid internalization and recycling upon activation. J. Immunol. 160:1522.
Samanta, A. K., J. J. Oppenheim, and K. Matsushima. 1990. Interleukin 8 (monocyte-derived neutrophil chemotactic factor) dynamically regulates its own receptor expression on human neutrophils. J. Biol. Chem. 265:183.
Amara, A., S. Le Gall, O. Schwartz, J. Salamero, M. Montes, P. Loetscher,
M. Baggiolini, J. L. Virelizier, and F. Arenzana-Seisdedos. 1997. HIV coreceptor
downregulation as antiviral principle: SDF-1␣- dependent internalization of the
chemokine receptor CXCR4 contributes to inhibition of HIV replication. J. Exp.
Med. 186:139.
Mack, M., B. Luckow, P. J. Nelson, J. Cihak, G. Simmons, P. R. Clapham,
N. Signoret, M. Marsh, M. Stangrassinger, F. Borlat, et al. 1998. Aminooxypentane-RANTES induces CCR5 internalization but inhibits recycling: a novel inhibitory mechanism of HIV infectivity. J. Exp. Med. 187:1215.
Zimmermann, N., J. J. Conkright, and M. E. Rothenberg. 1999. CC chemokine
receptor-3 undergoes prolonged ligand-induced internalization. J. Biol. Chem.
274:12611.
Ponath, P. D., S. Qin, D. J. Ringler, I. Clark-Lewis, J. Wang, N. Kassam,
H. Smith, X. Shi, J. A. Gonzalo, W. Newman, et al. 1996. Cloning of the human
eosinophil chemoattractant, eotaxin: expression, receptor binding, and functional

2936

75.

76.

77.

78.

properties suggest a mechanism for the selective recruitment of eosinophils.
J. Clin. Invest. 97:604.
Bousquet, J., P. Chanez, J. Y. Lacoste, G. Barneon, N. Ghavanian, I. Enander,
P. Venge, S. Ahlstedt, J. Simony-Lafontaine, P. Godard, et al. 1990. Eosinophilic
inflammation in asthma. N. Engl. J. Med. 323:1033.
Jose, P. J., D. A. Griffiths-Johnson, P. D. Collins, D. T. Walsh, R. Moqbel,
N. F. Totty, O. Truong, J. J. Hsuan, and T. J. Williams. 1994. Eotaxin: a potent
eosinophil chemoattractant cytokine detected in a guinea pig model of allergic
airways inflammation. J. Exp. Med. 179:881.
Rothenberg, M. E., A. D. Luster, C. M. Lilly, J. M. Drazen, and P. Leder. 1995.
Constitutive and allergen-induced expression of eotaxin mRNA in the guinea pig
lung. J. Exp. Med. 181:1211.
Gerber, B. O., M. P. Zanni, M. Uguccioni, M. Loetscher, C. R. Mackay,
W. J. Pichler, N. Yawalkar, M. Baggiolini, and B. Moser. 1997. Functional expression of the eotaxin receptor CCR3 in T lymphocytes co-localizing with eosinophils. Curr. Biol. 7:836.

CCR3 IN HUMAN DC SUBSETS
79. Lieberman, P. H., C. R. Jones, R. M. Steinman, R. A. Erlandson, J. Smith, T. Gee,
A. Huvos, P. Garin-Chesa, D. A. Filippa, C. Urmacher, et al. 1996. Langerhans
cell (eosinophilic) granulomatosis: a clinicopathologic study encompassing 50
years. Am. J. Surg. Pathol. 20:519.
80. Egeler, R. M., B. E. Favara, M. van Meurs, J. D. Laman, and E. Claassen. 1999.
Differential in situ cytokine profiles of Langerhans-like cells and T cells in Langerhans cell histiocytosis: abundant expression of cytokines relevant to disease and
treatment. Blood 94:4195.
81. Nezelof, C., and F. Basset. 1998. Langerhans cell histiocytosis research: past,
present, and future. Hematol. Oncol. Clin. North Am. 12:385.
82. Geissmann, F., Y. Lepelletier, S. Fraitag, J. Valladeau, C. Bodemer, M. Debre,
M. Leborgne, S. Saeland, and N. Brousse. 2001. Differentiation of Langerhans
cells in Langerhans cell histiocytosis. Blood 97:1241.
83. McClain, K., N. K. Ramsay, L. Robison, R. D. Sundberg, and M. Nesbit, Jr.
1983. Bone marrow involvement in histiocytosis X. Med. Pediatr. Oncol. 11:167.
84. Egeler, R. M., and G. J. D’Angio. 1995. Langerhans cell histiocytosis. J. Pediatr.
127:1.

